We analyze the contributions to the neutrinoless double β decay (0νββ-decay) coming from the Grand Unified Theory (GUT) constrained Minimal Supersymmetric Standard Model (MSSM) with trilinear R-parity breaking. We discuss the importance of two-nucleon and pion-exchange realizations of the quark-level 0νββ-decay transitions. In this context, the questions of reliability of the calculated relevant nuclear matrix elements within the Renormalized Quasiparticle Random Phase Approximation (pn-RQRPA) for several medium and heavy open-shell nuclei are addressed. The importance of gluino and neutralino contributions to 0νββ-decay is also analyzed. We review the present experiments and deduce limits on the trilinear R-parity breaking parameter λ ′ 111 from the non-observability of 0νββ-decay for different GUT constrained SUSY scenarios. In addition, a detailed study of limits on the MSSM parameter space coming from the B → X s γ processes by using the recent CLEO and OPAL results is performed. Some studies in respect to the future 0νββ-decay project GENIUS are also presented.
from the forthcoming accelerator experiment at HERA. The authors end up with the conclusion that the gluino exchange R-parity violating mechanisms of the 0νββ-decay dominates over the neutralino ones [8] .
Another scenario for reduction of a number of supersymmetric parameters associated with the limit on λ ′ 111 has been outlined in Ref. [9] . The authors implemented relations among the weak scale values of all parameters entering the superpotential and the soft SUSY breaking Lagrangian and their values at the GUT scale. The obtained results showed the importance of the neutralino exchange mechanism. Similar studies have been performed also within gauge mediated SUSY breaking model [23, 24] . We note that the GUT's constrained SUSY scenarios have advantages of fewer degrees of freedom and usually predict more stringent limits on λ ′ 111 [23, 24] . Recently, the dominance of the pion-exchange R-parity violating 0νββ-decay mechanism (based on the double-pion exchange between the decaying neutrons) over the conventional two-nucleon one was proven for 76 Ge isotope [10] . We note that the attention to the pionexchange 0νββ-decay mechanism was paid out first by Pontecorvo [25] and that this mechanism has been found less important in the presence of light Majorana neutrinos and more important, if heavy Majorana neutrinos are considered [26] . There are two advantages, which favor pion-exchange R-parity violating mode over the two-nucleon mode. First, the effective radius of the two-nucleon R-parity violating interaction is small because of exchange of heavy SUSY particles and therefore this mode is suppressed by the nucleon-nucleon repulsion at short distances. On the other side the pion-exchange mode leads to a long-range nuclear interaction, which is significantly less sensitive to short-hand correlations effects, as is mediated by light particles. Secondly, the enhancement of the pion-exchange mode has an origin in the bosonization of the π − − > π + + 2e − vertex and is associated with the pseudoscalar hadronic current structure of the effective R-parity violating 0νββ-decay Lagrangian on quark level [10, 12] . The new pion-exchange mechanism of 0νββ-decay offers more stringent limits on λ ′ 111 [10] . The one-and two-pion exchange realization of this mode have been discussed for experimentally interesting nuclear systems in Ref. [12] . Both gluino and neutralino exchange mechanisms have been found of comparable importance within the phenomenological scenario of this mode.
The procedure leading to the final constraint on λ ′ 111 consists of two parts: In the first step, the relevant SUSY parameters are determined within a proper SUSY scenario. Next, the reliable evaluation of 0νββ-decay nuclear matrix elements has to be performed. Since the importance of the particle-particle residual interaction of the nuclear Hamiltonian for the description of open shell nuclear system was discovered [27] , the proton-neutron Quasiparticle Random Phase Approximation (pn-QRPA) has been widely chosen in the calculations of the nuclear double beta decay transitions [1, 2, [28] [29] [30] [31] [32] [33] [34] [35] . However, the extreme sensitivity of the calculated nuclear matrix elements as well as the collapse of the QRPA solution in the physically acceptable region of particle-particle strength address some questions about the predictive power of the obtained results [36, 37] . The renormalized pn-QRPA (pn-RQRPA) without [38] and with proton-neutron pairing [39] , which take into account the Pauli exclusion principle, do not collapse and offer more reliable results in respect to the QRPA [36, 37] . This method has been used also in the recent nuclear structure studies of the 0νββ-decay matrix elements [1, [10] [11] [12] 36] . Some other extensions of RQRPA can be also addressed in this context [13] .
The goal of the present paper is to perform a comprehensive analysis of the R-parity violating trilinear term contribution to 0νββ-decay within the GUT constrained MSSM. We shall focus our attention on a detailed pn-RQRPA study of the relative importance of the pion-exchange and two-nucleon modes of this process for experimentally interesting 0νββ-decay nuclei. Our aim is also to discuss the present as well as possible future (imposed by GENIUS experiment) limit on the trilinear breaking SUSY parameter λ ′ 111 and identify this limit with the gluino or the neutralino exchange mechanisms. Moreover, all the calculations are performed within MSSM constrained by different processes, among which the most interesting are limits coming from B → X s γ processes obtained by using the recent CLEO and OPAL results.
The paper is arranged as follows. In the next section (section II) we introduce the basic elements of the MSSM with the explicit R-parity breaking. Here we also discuss the main formulae relevant for the trilinear R-parity breaking contribution to 0νββ-decay and the realistic pn-RQRPA nuclear structure method, which will be used for evaluation of nuclear matrix elements of interest. In section III we calculate the 0νββ-decay matrix elements within the pn-RQRPA for experimentally interesting isotopes and analyze their uncertainties in respect to details of the nuclear model. In addition, we discuss the parameters of the MSSM and the importance of the gluino and the neutralino 0νββ-decay mechanisms. The experimental constraints on the 0νββ-decay are then used to constrain the first generation of lepton number violating Yukawa coupling constantλ 111 of supersymmetric particles. We close with a short summary and conclusions (section V).
II. THEORY

A. R-parity violating minimal supersymmetric standard model
The MSSM is based on the same gauge group as the SM, It is particle content required to implement supersymmetry in a consistent way is the minimal one . It is described by the superpotential which in the case of R-parity non-conservation contains both the R-parity conserving and breaking parts
where
Here, the unitary matrices S are connected with mixing among the MSSM fields of the matter sector induced by the electroweak symmetry breaking and
is the Kobayashi-Maskawa matrix. In the matter sector primed mass eigenstates are related to their unprimed gauge eigenstate counterparts.
In above formulas, the following convention for the MSSM up an down-type Higgs vacuum expectation values are used:
During the running procedure, the renormalization group equations (RGE's) change between the weak and GUT scales at each particles mass threshold due to decoupling of states at the scales below their masses. At first running, we initially set this threshold at M SU SY = 1TeV, using the SM 2-loop RG equations below, and the MSSM RGE's above that scale. When the gauge and Yukawa couplings get the GUT scale, we set all the soft scalar masses equal to the common scalar mass m 0 , the soft trilinear couplings A to common A 0 and take gaugino masses to m 1/2 . In the next step one runs everything down back to the m Z scale. We want to stress at this point that we do not use the full set of RGE's appropriate for the R-parity broken MSSM [43] . We estimate that an influence of the R-parity breaking constants on other quantities running is marginal due to the smallness of λ's. So, we limit our attention to RGE's for MSSM with R-parity conserved [44] ).
It is well known that running of m Hu is dominated by negative contribution from the top Yukawa coupling, which drives this parameter to a negative value at some scale causing dynamical electroweak symmetry breaking (EWSB). Thus the RGE's improved supersymmetric potential naturally breaks SU(2) × U(1) Y to U(1) em , which additionally allows to express some GUT-scale free parameters in terms of low-energy ones. The tree-level Higgs potential has the form
≡ Bµ, and the phases of the fields are chosen such that m 2 3 < 0. Due to Q scale dependence of the soft Higgs parameters V 0 also strongly depends on Q. Thus minimization of V 0 can produce very different vacuum expectation values v u , v d depending on Q. That's why it is necessary to minimize the full one-loop Higgs effective potential. The procedure leads to a set of two equations.
Σ u , Σ d are given e.g. in Ref. [45] . In order to minimize the stop contribution to the finite corrections, we take the minimization scale Q min equal to the square root of mean square of stop masses. The EWSB causes mixing among many particles. In particular, four gauginos mix to produce the so-called neutralinos with the mass matrix M χ , which in the ψ = ( B 0 , W 
with c w = cos(θ W ), s w = sin(θ W ), s β = sin(β), c β = cos(β) and M 1 , M 2 being U(1) and SU(2) gaugino masses. At this point it is worth mentioning that the physical gluino mass is related to the renormalized DR running mass m 3 . For very heavy quarks this dependence can read [46] 
where m 3 and α 3 are taken at m 3 and the loop function I(r) = 
The matrix N , diagonalizing the matrix M χ is real and orthogonal. Thus, with real N ij , neutralino masses are either positive or negative. If necessary, a negative mass can always be made positive by a redefinition of the relevant mixing coefficients N ij → iN ij . Similar mixing appears in the slepton and squark sector. The SUSY analog of mixing (7) in the SM sector is described as follows:
The 6 × 6 squared mass matrices for the squarks and sleptons have a much more complicated form and involve parameters from both the supersymmetry breaking and conserving Lagrangians. They can be written in the following form:
When the physical masses of scalar particles and tree level values of µ and Bµ are found, one can set up thresholds for RGE's of the gauge and Yukawa couplings and repeat the procedure by running everything up to the GUT scale. Setting the unification conditions for soft parameters again, it is possible to run everything back to the m Z scale. At that point we repeat calculation of mass eigenstates, run everything up to Q min and minimize the one-loop corrected Higgs potential mentioned above. Repeating such a procedure leads to fixed values of µ and Bµ. At the end, we check for conditions necessary for existence of a stable scalar potential minimum:
B. Constraints
Having obtained the low energy spectrum of the model, we are at a good point to test our scenario using constraints due to rare Flavor Changing Neutral Currents processes. It is well known that FCNC processes may serve as a strong constraint on the supersymmetric scenarios. Strong experimental suppression of FCNC transition puts upper bounds on various entries of the sfermion mass matrices at low energy. Many analyses of such constraints were performed for the SUGRA MSSM [47] . Some of them are also available for the Gauge Mediated Supersymmetry Breaking (GMSB) [48] . Without going into details of calculations, we summarize the basic ingredients of the applied procedure.
In our considerations we concentrate on limits on the low-energy spectrum coming from the B → X s γ decay. This process is described by an effective Hamiltonian of the form [47, 50] :
where K is the Kobayashi-Maskawa matrix, P i are the relevant operators, and C i (µ) are their Wilson coefficients. The coefficients C 7 and C 8 relevant in the subsequent analysis get contributions from both the SM and the MSSM interactions. The leading order and nextto-leading order SM contributions are discussed in [49] . For the MSSM case, only leading order contributions to those coefficients are available [47, 50] 1 . The constraints on the low-energy spectrum of our model are connected with present constraints on the R 7 parameter which measures the extra (MSSM) contributions to the B → X s γ decay. Its definition reads:
where index (0) stands for the leading order (LO) Wilson coefficients, and superscript extra for the SUSY (namely charged Higgs, chargino, neutralino and gluino) contributions. Limits on the allowed values of R 7 are extracted from the present experimental limits on the branching ratio BR(B → X s γ) recently measured by CLEO collaboration [51] : BR(B → X s γ) = (2.50 ± 0.47 stat ± 0.39 syst ) × 10 −4 . The same process measured at ALEPH collaboration results with BR(B → X s γ) = (3.11 ± 0.80 stat ± 0.72 syst ) × 10 −4 [52] . Using the theoretical dependence of the theoretical expectations of BR(B → X s γ) on R 7 , comparison with the experimental data [50] and taking into account both theoretical and experimental errors, we end up with the following estimation of the R 7 range :
In order to find numerical values of R 7 given in (21), we use the expressions for
and
listed in e.g. [47] . Then we exclude points which do not lie in the allowed region (22) . In addition to B → X s γ constraints, the free parameter space is limited by the conditions of proper electroweak symmetry breaking (19) and the condition of positive (mass)
2 of mass eigenstates. In the last section we present the resulting constraints in tan β − m 0 and tan β − m 1/2 planes for µ of different signs. Moreover, the detailed analysis of B → X s γ constraints is shown.
C. R-parity violating neutrinoless double beta decay
In this Subsection the main formulae relevant for R-parity violating 0νββ-decay are presented. A detailed derivation of the effective R p / quark-level Lagrangian for the 0νββ-decay and its hadronization additionaly to derivation of the corresponding half-life time of this process can be found elsewhere Refs. [8] [9] [10] [11] .
The trilinear R-parity violating lepton part of the interaction Lagrangian of the MSSM takes the form [8] :
Together with the R-parity conserving MSSM Lagrangian describing interactions among gluinos, neutralinos, fermions and sfermions [53] after integration out of heavy degrees of freedom and carrying a Fierz transformation, one can obtain finally the R p / SUSY induced quark-lepton interaction for 0νββ-decay.
The color singlet hadronic currents in Eq. (24) are
where α is a color index and
The effective lepton-number violating parameters η P S and η T in Eq. (24) accumulate fundamental parameters of the R p / MSSM:
In Eq. (27) G F is the Fermi constant, m p is the proton mass, α 2 = g . We used the neutralino couplings in the form proposed in Ref. [53] :
The effective ∆L e = 2 Lagrangian (24) contains contributions from both gluino (SUSY parameters ηg and η ′ g ) and neutralino (SUSY parameters η χ , η χf and η χẽ ) exchanges. The relevant Feynman diagrams associated with gluinog and neutralino χ contributions to the 0νββ-decay have been discussed in Refs. [1, 8] .
The R p / MSSM model gives the underlying transition of a down-quarks to an up-quarks (dd → uu + 2e − ) only, and results in transformation of neutron into a proton. Till now three possibilities of hadronization have been considered. The most natural way is to incorporate the quarks in the nucleons which is the well-known two-nucleon mode [6] [7] [8] . But the intermediate SUSY partners are very heavy particles. Therefore in the two-nucleon mode the two decaying neutrons must come very close to each other, which is suppressed by the nucleon repulsion. Another possibility is to incorporate quarks undergoing the R p / SUSY transition not in nucleons but in virtual pions [1, 10, 12] . If only one of the initial quark is placed in an intermediate pion, we end up with the one pion-exchange mode [12] . If all quarks are placed in two intermediate pions, one obtains the two-pion exchange mode, which dominates for the 0νββ-decay of 76 Ge [10, 12] . The possibilities of incorporating quarks in heavier mesons have not been considered so far. However, this way of hadronization is expected to be suppressed due to heavier masses of exchange particles. The half-life for the neutrinoless double beta decay regarding the above three possibilities of hadronization of the quarks can be written in the form [1, 10, 12] [T 0ν 1/2 (0
Here G 01 is the standard phase space factor (see Ref. [3, 35] ) and m A = 850 MeV is the nucleon form factor cut-off (for all nucleon form factors the dipole shape with the same cut-off is considered). The nucleon structure coefficients α ′ s entering the nuclear matrix elements of the two-nucleon mode calculated within the non-relativistic quark model (NR) and the bag model (BM) are given in Table 3 of Ref. [1] . The structure coefficient of the one-pion α 1π and two-pion mode α 2π are [10, 12] : α 1π = −0.044 and α 2π = 0.20. The partial nuclear matrix elements of the R p / SUSY mechanism for the 0νββ-decay appearing in Eqs. (30)- (32) are:
. The structure functions F I,J,K can be expressed as:
and we used the notations:
Here r i is the coordinate of the i-th nucleon and R = r 0 A 1/3 stands for the mean nuclear radius with r 0 = 1.1 fm. In order to deduce constraints on the lepton number violating parameters η P S and η T from the non-observability of 0νββ-decay it is necessary to evaluate the nuclear matrix elements of two-nucleon (M 2Ñ q , M 2Ñ f ) and pion-exchange (M πN ) modes within an appropriate nuclear model.
III. NUCLEAR MODEL
We calculate the nuclear matrix elements within the proton-neutron renormalized Quasiparticle Random Phase Approximation (pn-RQRPA) [38, 39] , which is an extension of the pn-QRPA [27, 28] by incorporating the Pauli exclusion principle for the fermion pairs. The advantage of the pn-RQRPA over the usual pn-QRPA is no collapsing RQRPA solution as one increases the strength of the particle-particle interaction within its physical values. Thus the results obtained by the pn-RQRPA method are more reliable, but the pn-RQRPA method requires coupled non-linear equation solutions, instead of the usual eigenvalue problem in the pn-QRPA formalism.
The pn-RQRPA method is suitable to deal with the nuclear structure aspects of beta transitions of open shell systems and allows to perform calculations in realistic large model spaces, which are unaccessible for the shell model calculations.
The pn-RQRPA formalism consists of two main steps: (i) The Bogoliubov transformation smears out the nuclear Fermi surface over a relatively large number of orbitals and (ii) the equation of motion in the quasiparticle basis determines then the excited states.
If only proton-proton and neutron-neutron pairing is considered the particle (c + τ mτ and c τ mτ , τ = p, n) and quasiparticle (a + τ mτ and a τ mτ , τ = p, n) creation and annihilation operators for the spherical shell model states are related to each other by the BogoliubovValatin transformation:
where the tilde indicates the time-reversal operationã τ mτ = (−1) jτ −mτ a τ −mτ . The occupation amplitudes u and v and the single quasiparticle energies E τ are obtained by solving the BCS equation. Then one gets a nuclear Hamiltonian in quasiparticle representation
where H ij is the normal ordered part of the residual interaction with i creation and j annihilation operators (see e.g. Ref. [54] ). In the framework of the pn-RQRPA the m th excited state with the angular momentum J and the projection M is created by a phonon-operator Q 
A † (pn, JM) (A(pn, JM)) is the two quasi-particle creation (annihilation) operator coupled to the good angular momentum J with projection M, namely
In the pn-RQRPA the commutator of two-bifermion operators is replaced by its expectation value in the correlated QRPA ground state |0 + QRP A > (renormalized quasiboson approximation). Therefore we have 
The matrices A and B are given as follows:
Here, G(pn, p ′ n ′ , J) and F (pn, p ′ n ′ , J) are the particle-particle and particle-hole interaction matrix elements, respectively [54] . The coefficients D pn,J π are determined by solving numerically the system of equations [2, 1] :
The selfconsistent scheme of the calculation of the forward-(backward-) going free variational amplitudes X m (Y m ), the excited energies Ω m J π related to the ground state and the coefficients D pn,J π is a double iterative problem which requires the solution of coupled Eqs. (41) and (44) .
Numerical treatment of the matrix elements (30)-(33) within the pn-RQRPA needs transformation of them to relative coordinates. After some tedious algebra one can obtain
In Eq. 
The short-range correlations between the two interacting protons (p(1) and p ′ (2)) and neutrons (n(1) and n ′ (2)) are simulated by using the correlation function f (r 12 ) in the nonantisymmetrized two-body matrix element (Eq. (45)). We adopt its following form: 
The one-body transition densities entering Eq. (45) are given as follows:
The index i (f) indicates that the quasiparticles and the excited states of the nucleus are defined with respect to the initial (final) nuclear ground state |0
As the two sets of intermediate nuclear states generated from the initial and final ground states are not identical we use the overlap factor
in definition (45) of the nuclear matrix elements.
IV. RESULTS AND DISCUSSION
A. Calculation of the nuclear matrix elements
The pn-RQRPA method has been applied for the calculation of the SUSY 0νββ-decay nuclear matrix elements of the A = 48, 76, 100, 116, 128, 130, 136 and 150 nuclear systems. , 0f 5/2 , 0f 7/2 , 2s 1/2 , 1d 3/2 , 1d 5/2 , 0g 7/2 , 0g 9/2 , 2p 1/2 , 2p 3/2 , 1f 5/2 , 1f 7/2 , 0h 9/2 , 0h 11/2 , 0i 11/2 , 0i 13/2 .
The single particle energies have been calculated with a Coulomb-corrected Wood-Saxon potential. For the two-body interaction we used the nuclear G-matrix calculated from the Bonn one-boson exchange potential. The single quasiparticle energies and occupation amplitudes have been found by solving the BCS equations for protons and neutrons. Since our model spaces are finite the proton-proton and neutron-neutron pairing interactions have been renormalized according to Ref. [55] . In the calculation of the pn-RQRPA equation we also renormalized the particle-particle and particle-hole channels of the G-matrix interaction by introducing two parameters g pp and g ph , i.e. G(pn,
The value adopted from our previous calculations [10, 12, 36, 39] is g ph = 0.8 and we discuss the stability of the nuclear matrix elements in respect to the g pp inside the expected physical range 0.8 ≤ g pp ≤ 1.2 .
By the method outlined above we obtained the particular nuclear matrix elements of the two-nucleon mode M GT N , M F N , M GT ′ M F ′ , M T ′ and of the pion-exchange mode M GT −kπ , M T −kπ for all above mentioned nuclei. Their values are listed in Tab. I for g pp = 1.0. It is worthwhile noticing that the two-nucleon matrix elements are considerably smaller in comparison with the pion-exchange ones. From that table one can see that the smallest nuclear matrix elements are associated with A=48 and 136 systems. We suppose that it is connected with the fact of the closed shell in 48 Ca and 136 Xe. Sharp Fermi level usually offers weaker transitions due to the Pauli blocking effect. The largest nuclear elements are associated with A=150 and 100 systems. The difference between the Gamow-Teller matrix elements of A= 48 and A=150 systems is about an order of magnitude. We also stress that the one-pion exchange mode is disfavored in respect to the two-pion exchange mode not only because of a considerably smaller value of the structure coefficient (α 1π = −0.044 ≪ α 2π = 0.20) but also due to the partial mutual cancellation of M GT −1π and M T −1π in Eq. (32) for all studied nuclear systems. By multiplying the particular nuclear matrix elements with corresponding structure coefficient one obtain the full two-nucleon M and M πN to the details of the nuclear model and to the effect of short-range correlations are presented in Table  II . The advantage of the pn-RQRPA in respect to the QRPA method is that there is no collapse of the pn-RQRPA solution within the physically acceptable region of the particleparticle interaction parameter g pp (0.8 ≤ g pp ≤ 1.2). We can see that the two-nucleon matrix element M 2Ñ f is rather small and unstable in respect to the changes of g pp within the discussed interval. Moreover, its value crosses zero for most nuclear systems. It means that if the deduced limits on λ ) and the pion-exchange mode (M πN ) calculated with and without short range correlations on the parameter g pp for A=76 system. One can see the large suppression of the matrix elements due to the short range correlations effect as well as rather stable behavior of the results on g pp . The inclusion of ground state correlations beyond the QRPA within the pn-RQRPA method stabilizes the behavior of the studied matrix elements as a function of g pp and increases their predictive power, which is consistent with other studies [36] .
B. Constraints on R-parity violation
Here we shall analyze the constraints on R-parity violation using the current experimental lower half-life limits of the 0νββ-decay for the nuclei listed in Table III . A subject of our interest is the dependence of the limits of three commonly used in literature quantities λ on the GUT scale scenarios of the MSSM. Moreover, we compare contributions to final limits coming from two-nucleon and pion-exchange modes and also study the relevance of the gluino and the neutralino exchange mechanisms.
In the first step, we pay our attention to the constraints on free parameters of MSSM, particularly such SUSY parameters as tan β = , m 0 , m 1 /2, A 0 and sign(µ). The allowed space for these parameters is determined by some natural restrictions. We use the condition that the mass eigenstates of SUSY particles cannot be imaginary and consider the dynamical electroweak symmetry breaking conditions (Eq. (19)). Further, we require that the R 7 parameter associated with flavor changing neutral current processes fulfills relation (22) . Using all the above assumptions, we have determined the excluded region for the parameters tan β and m 0 . It is shown in Figs. 2(a) and 2(b) where corresponding symbols indicate three main sources of constraints. The caption EW SB indicates the points excluded by improper electroweak symmetry breaking, b → s + γ the points eliminated by FCNC constraints and v.e.v. -the points, for which some of the mass eigenstates become imaginary. One can observe that this region depends strongly on sgn(µ): for µ being positive, the allowed region of tan β and m 0 is considerably larger. We find e.g that for µ > 0 and small values of tan β (≤ 3) there is no restriction on m 0 while for µ < 0 there exists a lower bound on m 0 of about 240 GeV.
Further we have found that the constraints coming from the B → X s γ decay are also especially sensitive to sgn(µ). In Figs. 3(a)-(b) the dependence of the R 7 parameter on m 0 and m 1/2 is shown, for both positive and negative values of µ. We note that the SM contribution to R 7 is fixed for all the MSSM points at -0.188. The main SUSY contributions to this parameter come from charged Higgses and charginos and are shown on Figs. 3(c)-(d from the non observation of double beta decay as a function of SUSY free parameters. For this purpose, we use the 0νββ-decay half-life time (29) and the calculated nuclear matrix elements. We have found a very weak dependence of the quantities under discussion on the tan β and A 0 SUSY parameters (tan β influences mainly the Higgs (and neutralino) sector, while A 0 determines a very weak sfermion mixing). Therefore we present dependence on m 1/2 and m 0 for positive µ only. The results are drawn in Figs. 4(a) -(c) for all nuclei we are interested in. One can see that the currently strongest bound on these quantities is deduced from the A=76 system followed by A=128. The limit on the trilinear R p / breaking SUSY parameter λ ′ 111 becomes less stringent with the increasing value of m 0 (Fig. 4(a) ). Similar behavior is found for λ ′ 111 / (mq/100 GeV) 2 (mg/100 GeV) 1/2 also (Fig. 4(b) ). On the contrary, the value of λ ′ 111 / (mẽ/100 GeV) 2 (mχ0/100 GeV) 1/2 decreases with the increase of m 0 . The reason for such a behaviour is connected with the fact that the mass of selectron is growing faster than the mass of squark as the value of m 0 is increased. In addition, the increase of its second power compensates for the modest increase of λ ′ 111 in respect to m 0 . This can be seen explicitely from the dependence of the of squark, selectron, gluino and the lightest neutralino masses on m 0 as drawn in Fig. 5 . We note that gluino and neutralino are gauginos and therefore are insensitive to the common scalar mass at the GUT scale m 0 .
In Tab. III we present the limits on R p / coupling constants λ ′ 111 from the current lower bounds on the half-life time of the 0νββ-decay isotopes experimentally most promising. We consider two different scales for m 0 and m 1/2 : 100 GeV and 1 TeV. By glancing at Tab. III one finds out that the strongest limit on λ For the experimentalists convenience and in order to make our results more general we introduce the GUT constrained SUSY sensitivity parameter ξ
M SSM Y
(m 0 , m 1/2 ) of a given isotope Y, presented in Tab. III. This parameter incorporates the elements of both R p / SUSY and nuclear structure theory and is related with the limit on λ ′ 111 as follows:
In this way the reader is provided with an easy algorithm of predicting desired limits with changing the experimental data. A detailed study of the GUT constrained SUSY scenario for the 0νββ-decay of 76 Ge offers the most stringent limit on R-parity breaking. At present this process is also the most perspective for the experimental detection in respect to the planned future experiment GENIUS [20] . In Figs. 5(a) and 5(b) we show the most stringent restriction on λ ′ 111 and λ ′ 111 / (mẽ/100 GeV) 2 (mχ0/100 GeV) 1/2 as a function of both m 0 and m 1/2 . In order to be more concrete we show the present bounds on λ ′ 111 together with those expected from the GENIUS 0νββ-decay experiment for a given set of m 0 and m 1/2 parameters in Tab. IV. One can see that the GENIUS experiment is expected to improve the limits on λ ′ 111 by about factor of 5 in respect to the current ones. Tab. IV contains also the calculated values of the corresponding masses of squark, selectron, gluino and lightest neutralino as well as the sensitivity parameter ξ M SSM 76 Ge within the GUT constrained SUSY scenario. We also discuss the importance of different 0νββ-decay mechanisms on hadron and quark levels. The theoretical expression for half-life of R p / 0νββ-decay in Eq. (29) comprises the contributions from the two-nucleon mode and pion-exchange mode, which incorporate a different combination of R p / SUSY parameters η T and η P S . In the previous subsection we have shown that the pion-exchange nuclear matrix elements dominate over the two-nucleon ones. However, it is not the necessary condition for the dominance of pion-exchange mode. In order to clarify this point we calculate the limit on λ ′ 111 by considering only one of these mechanisms at one time. The dependence of λ ′ 111 on m 0 is drawn in Fig. 7 for m 1/2 = 100 GeV and 500 GeV. We see that the pion-exchange mode offers a considerably stronger limit on λ ′ 111 than the two-nucleon mode, which can be safely neglected. We note that the peak appearing in the curves presenting the two-nucleon mode is a consequence of interference between neutralino and gluino contributions to final amplitude. The curve representing the limit on λ ′ 111 from the pion-exchange mode is free of such instabilities. It remains to find out which of the neutralino and gluino R p / exchange mechanisms is the most important one for the 0νββ-decay process. In Fig. 8 we show the parameter λ ′ 111 as a function of m 0 for m 1/2 equals to 100 GeV and 500 GeV by considering only one of the above R p / mechanisms. For m 1/2 = 100 GeV and m 0 larger than about 200 GeV the gluino mechanism is the dominant one. On the other hand, for m 1/2 = 500 GeV the neutralino exchange mechanism becomes prevalent within the whole considered interval of m 0 . One concludes that none of these mechanisms is the most important in general. The answer to this problem depends on the details of the GUT constrained SUSY scenario and in particular on the values of m 0 and m 1/2 parameters.
V. CONCLUSIONS
In conclusions, we have presented a detailed analysis of the R-parity violating trilinear terms contribution to the 0νββ-decay within the GUT constrained MSSM scenario. Both nuclear and particle physics aspects of this process have been discussed to some extent.
We calculated relevant nuclear matrix elements within the realistic pn-RQRPA method. A comparison of nuclear matrix elements belonging to the two-nucleon mode and the pionexchange mode has been performed for A = 48, 76, 82, 96, 100, 116, 128, 130, 136 and 150 nuclear systems. We have found that the π mechanisms are larger by factor 5-7 mostly due to the strong R p / π − → π + + 2e − transition. We suppose it is the explanation why the pionexchange mode 0νββ-decay is not favored for the mechanisms based on exchange of Majorana neutrinos having a different Lorentz structure and predicting weaker R p / π − → π + + 2e − transition. Our studies show that R p / pion-exchange mode nuclear matrix elements are less suppressed by the short-range correlation effects and are more stable in respect to the details of nuclear Hamiltonian than the two-nucleon matrix elements.
In the MSSM part of calculations we limited the space of the free SUSY parameters using necessary conditions for proper electroweak symmetry breaking and inducing other limits based on current FCNC (Flavor Changing Neutral Currents) experiments. The exclusion plots for the SUSY parameters are presented and the sensitivity of the excluded region to the sign of µ parameter is manifested. A detailed study of the R 7 parameter crucial for analysis of the FCNC B → X s γ decay processes is also displayed and analyzed. We also present masses of squark, selectron, gluino and lightest neutralino in the GUT constrained MSSM, the knowledge of which is required for the analysis of the R p / parameters. Using the experimental lower bounds on the 0νββ-decay half-life we then deduced current constraints on the R p / MSSM parameters for different nuclei. The most restrictive constraints on the R p / Yukawa coupling constant λ 
The present limit on λ ′ 111 can be improved by a factor of 5 if the future 0νββ-decay experiment GENIUS is carried out and no signal about the 0νββ-decay is detected.
Our studies have shown that the above limits are associated with the pion-exchange mode of the 0νββ-decay, which is the dominant mechanism for this process at the hadron level. Therefore, bearing in mind the above nuclear structure analysis we argue that the obtained limits do depend very insignificantly on the nuclear physics uncertainties.
We have also dealt with the question which of the gluino and neutralino 0νββ-decay mechanisms is more important. We have shown that there is no unique answer to this problem and the dominance of any of them is bound with a different choice of the SUSY parameters m 0 and m 1/2 .
Finally, we conclude that the 0νββ-decay imposes very restrictive limits on the important R-parity violating SUSY parameters also within the GUT constrained MSSM scenario. The obtained constraints on the trilinear R p / SUSY parameter λ (30 -33) for the R-parity violating SUSY mode of the 0νββ-decay for the experimentally most interesting isotopes calculated within the renormalized pn-QRPA with g pp = 1.0. M×10 n implies that the matrix element should be divided by 10 n to get the current numerical value. BM (NR) denotes that the nucleon structure coefficients of the bag model (non-relativistic quark model) have been considered. / SUSY contribution to the 0νββ-decay of 76 Ge calculated within the pn-RQRPA. They are functions of the particle-particle interaction strength g pp with (a) and without (b) the two-nucleon short-range coorelations. g-mech., m 1/2 = 100 Gev g-mech., m 1/2 = 500 Gev χ-mech., m 1/2 = 100 Gev χ-mech., m 1/2 = 500 Gev
